Increasing evidence has indicated that long noncoding RNAs (lncRNAs) are of great importance in different cell contexts. However, only a very small number of lncRNAs have been experimentally validated and functionally annotated during human hematopoiesis. Here, we report an lncRNA, HOTAIRM1, which is associated with myeloid differentiation and has pivotal roles in the degradation of oncoprotein PML-RARA and in myeloid cell differentiation by regulating autophagy pathways. We first revealed that HOTAIRM1 has different variants that are expressed at different levels in cells and that the expression pattern of HOTAIRM1 is closely related to that of the PML-RARA oncoprotein in acute promyelocytic leukemia (APL) patients. We further revealed that the downregulation of HOTAIRM1 could inhibit all-trans retinoic acid (ATRA) -induced degradation of PML-RARA in APL cells and repress the process of differentiation from promyelocytic to granulocytic cells. More importantly, we found that HOTAIRM1 regulates autophagy and that autophagosome formation was inhibited when HOTAIRM1 expression was reduced in the cells. Finally, through the use of a dual luciferase activity assay, AGO2 RNA immunoprecipitation and RNA pull-down, HOTAIRM1 was revealed to act as a microRNA sponge in a pathway that included miR-20a/106b, miR-125b and their targets ULK1, E2F1 and DRAM2. We constructed a human APL-ascites SCID mouse model to validate the function of HOTAIRM1 and its regulatory pathway in vivo. This is the first report showing that a lncRNAs regulates autophagy and the degradation of the PML-RARA oncoprotein during the process of myeloid cell differentiation blockade, suggesting that lncRNAs may be the potential therapeutic targets for leukemia.
Long noncoding RNAs (lncRNAs), which are more than 200 nt in length, are very poorly understood and often dismissed as merely transcriptional 'noise'. 1, 2 However, a number of lncRNAs have been found to have important functions in multiple major biological processes in specific cell types, tissues and developmental conditions. [3] [4] [5] Of note, lncRNA transcripts has key roles in the circuitry controlling ES cell and muscle differentiation through their binding to multiple chromatin regulatory proteins or ncRNAs. [6] [7] [8] [9] [10] Moreover, recent studies have found that several lncRNAs participate in the autophagy pathway. Autophagy is an evolutionarily highly conserved process for maintaining cellular homeostasis through the cellular digestion of excessive, damaged, or aged proteins and intracellular organelles within double-membrane vesicles called autophagosomes. [11] [12] [13] [14] Because of its dynamic and inducible catabolic process that is activated by environmental and hormonal cues, autophagy can promote the rapid cellular changes necessary for proper differentiation. [15] [16] [17] [18] For example, the lncRNAs FLJ11812 and APF regulate autophagic cell death in human umbilical vein endothelial cells and cardiomyocytes respectively. 19, 20 Interestingly, lncRNAs can act as competing endogenous RNAs (ceRNAs) for microRNA (miRNA) and can in turn regulate critical cellular processes though the post-transcriptional silencing of protein-coding genes. [21] [22] [23] By inhibiting the target genes of miRNAs, lncRNAs have important roles in biological processes and in cancer, including functions in muscle differentiation, 8 autophagy 19 and cardiovascular diseases. 20 HOTAIRM1, an lncRNA located between HOXA1 and HOXA2, has been reported to be involved in the differentiation of the myeloid cell line NB4 that is induced by all-trans retinoic acid (ATRA). 24 The knockdown of HOTAIRM1 selectively attenuates the induction of the differentiation gene CD11b and results in a larger population of cells that maintain cell cycle progression from G1 to S phases. 24, 25 A recent study also revealed that the level of HOTAIRM1 expression at diagnosis provided relevant prognostic information for intermediate-risk acute myeloid leukemia (AML), 26 with a very low level in acute promyelocytic leukemia (APL), which is divided into M3 subtype in French-American-British (FAB) classification systems. It has been shown that APL patients are characterized by a specific t (15;17) chromosomal translocation, resulting in the fusion of the promyelocytic gene (PML) and the retinoic acid receptor alpha gene (RARA) into the oncoprotein PML-RARA, 27 which represses promyelocytic to granulocytic differentiation. [28] [29] [30] Studies have shown that granulocytic differentiation and the degradation of PML-RARA are induced due to increased autophagic flux following treatment of APL cells with ATRA. 31, 32 Therefore, we asked whether HOTAIRM1 is involved in the pathogenesis of APL, autophagy and PML-RARA protein degradation.
On the basis of annotations in the Ensembl database, we also found that other variants of HOTAIRM1 exist, suggesting that HOTAIRM1 could have a more complicated regulatory network. Given the importance of HOTAIRM1 in the differentiation of myeloid cells and the development of related diseases, we first detected and validated the existence of HOTAIRM1 variants and revealed a novel mechanism by which HOTAIRM1 regulates autophagy via a specific miRNA signature during the process of myeloid cell differentiation and the degradation of the PML-RARA oncoprotein in APL.
Results

Identification of HOTAIRM1 variants in myeloid cells.
Previous studies have shown that HOTAIRM1 is a 483-nt antisense transcript in the HOXA cluster. 24 However based on data from the Ensembl database, five other variants have also been identified. As shown in Figure 1a , HOTAIRM1 transcripts spliced into noncoding RNAs consisting of one, two or even three exons. Because two variant sequences were nearly identical, these six variants can be divided into five types (HOTAIRM1-1 to HOTAIRM1-5). To identify the existence of these variants, we next performed rapid amplification of cDNA ends (RACE) to experimentally validate their 5'-and 3'-ends in the NB4 cell line, and the results indeed showed different starting and ending sites (Figures 1b and c). We further investigated the relative expression of these five variants in NB4 cells following treatment with1 μM ATRA at three time points from 24 to 72 hours (h). The relative expression levels of three variants, HOTAIRM1-1, HOTAIRM1-3 and HOTAIRM1-5, were considerably higher than those of the other two variants, HOTAIRM1-2 and HOTAIRM1-4 ( Figure 1d ). Thus in the following experiments, we primarily focused on the HOTAIRM1-1, 3 and 5 variants.
The NB4 cell line was derived from an APL patient, 33 and the knockdown of HOTAIRM1 selectively attenuates NB4 cell differentiation following induction with ATRA. 24, 25 Therefore, we asked whether HOTAIRM1 was associated with the therapeutic outcomes of APL patients receiving drug treatment. We tested 19 paired AML-M3 patients at diagnosis and complete remission (AML-M3-CR) and found that the levels of HOTAIRM1 expression were significantly increased in AML-M3-CR patients compared with AML-M3 patients at diagnosis (Figure 1e ). This expression pattern was consistent in unpaired AML-M3 and AML-M3-CR patient samples (Supplementary Figure S1) . Notably, the three variants showed the same expression patterns.
Because of the crucial importance of the PML-RARA oncoprotein in the occurrence and progression of APL, we also investigated the association of PML-RARA and HOTAIRM1 expression levels in 19 pairs of AML-M3 and AML-M3-CR patients. The results showed that PML-RARA expression levels were decreased in AML-M3-CR patients following ATRA treatment ( Figure 1f ) and that PML-RARA expression negatively correlated with the expression of the three HOTAIRM1 variants ( Figure 1g ). Thus, we hypothesized that the downregulation of HOTAIRM1 may be important for the effects of PML-RARA on cell differentiation during APL or may affect therapy-induced clearance of PML-RARA.
HOTAIRM1 enhances ATRA-induced degradation of PML-RARA in APL cells. The above observation revealed a close association between the expression of HOTAIRM1 and PML-RARA, suggesting that both may have significant roles in the occurrence of APL. We therefore asked whether PML-RARA could directly regulate HOTAIRM1 or whether PML-RARA was regulated by HOTAIRM1. First, we used the U937-PR9 cell line, which carries a PML-RARA gene that can be induced with ZnSO4 treatment. However, when PML-RARA expression was induced by 200 μM Zn 2+ for 12 h, no apparent effect on HOTAIRM1 expression was observed (Figure 2a and Supplementary Figure S2A ). We then used siRNA to decrease PML-RARA expression in the NB4 cell line, and we again failed to observe a significant effect on the relative expression of HOTAIRM1 ( Figure 2b ). These data indicated that HOTAIRM1 is not regulated by PML-RARA. Next, to determine whether HOTAIRM1 could regulate PML-RARA, we established a long-term, stable shRNA lentiviral vector with an effective shRNA sequence targeting the common regions of the three variants of HOTAIRM1 (hereafter termed NB4-Lv-shHOTAIRM1 cells or NB4-Lv-NC cells) (Supplementary Figure S2B ). We then investigated whether the inhibition of HOTAIRM1 could attenuate the ATRAinduced clearance of PML-RARA. It was shown that knockdown of HOTAIRM1 could significantly increase PML-RARA protein levels ( Figure 2c ). Interestingly, the knockdown of HOTAIRM1 could also slightly increase PML-RARA mRNA level (Supplementary Figure S2C ), suggesting that HOTAIRM1 might also affect PML-RARA mRNA expression, which deserve to be further demonstrated. Furthermore, we designed two effective siRNAs targeting HOTAIRM1 to detect the PML-RARA protein levels in ATRA-induced NB4 cells (Supplementary Figure S2D and S2E). Wright-Giemsa staining showed that NB4-Lv-shHOTAIRM1 cells lack ATRA-induced changes in nuclear morphology ( Figure 2d ). Consistently, the expression of the granulocytic differentiation cell-surface marker CD11b was decreased in NB4-Lv-shHOTAIRM1 cells, as measured by flow cytometry (FCM) (Figure 2e ). These data show that low levels of HOTAIRM1 in APL patients may be linked to the PML-RARA and granulocytic differentiation. However, it is not clear how HOTAIRM1 regulates PML-RARA status, nor is it clear which pathways may be involved.
Analysis of the lncRNA-miRNA interaction indicates that HOTAIRM1 promotes PML-RARA degradation via an autophagy pathway. Recent progresses have indicated that lncRNAs can act as ceRNAs or natural miRNA sponges that can communicate with and coregulate each other by competitive binding to shared miRNAs. 8, 19, 20, 34 Notably, a previous study reported that HOTAIRM1 expression correlated with a specific miRNAs signature in AML patients. 26 Thus, we hypothesized that HOTAIRM1 may act as a ceRNA in myeloid cells. Using DIANA TOOLS software, 35, 36 together with assessing △G by BiBiServ2-RNAhybrid, 37 we predicted the potential binding sites of HOTAIRM1 on various miRNAs. As shown in Table 1 , three miRNAs, miR-20a, miR-106b and miR-125b, were predicted to be the potential miRNAs targeting of HOTAIRM1. Importantly, previous studies have demonstrated that these three miRNAs are all involved in autophagy-related pathways through the direct targeting of autophagy-associated genes. 38, 39 Given the importance of autophagy pathway in the degradation of PML-RARA and myeloid differentiation, 16, 32, 31 We therefore hypothesized that HOTAIRM1 may function through an miRNA-associated autophagy pathway.
To validate this hypothesis, we used NB4-Lv-NC and NB4-Lv-shHOTAIRM1 cells to investigate the effects on autophagy.
Ultrastructural analysis as detected by transmission electron microscopy (TEM) revealed that autophagosome formation was inhibited in NB4-Lv-shHOTAIRM1 cells, especially after 1 μM ATRA was added for 48 h (Figure 3a ). To further test autophagic flux, we performed immunofluorescent labeling for LC3B, and evaluated the results by laser scanning confocal microscopy. The results also provided evidence that autophagy was attenuated in NB4-Lv-shHOTAIRM1 cells in the presence of ATRA, which normally induces autophagy dramatically ( Figure 3b ). The ratio of LC3B cleavage and turnover (LC3B-II) was also measured (Supplementary Figure S3A) , which is widely regarded as an important hallmark for monitoring autophagic flux. 13, 40 To further validate the effect Figure 1 Identification of HOTAIRM1 in myeloid cells. (a) Schematic drawing of five different variants was acquired from the Ensembl online database. Five pairs of specific primers were designed for qRT-PCR. (b) 5'RACE was performed to identify HOTAIRM1 variants in NB4 cells. Two reverse primers termed R1 and R2 were designed for inner PCR to obtain the 5'-ends of HOTAIRM1 variant cDNA in cells. Those most similar to the predicted 5'-ends of HOTAIRM1 variants in Ensembl are marked by green arrows; the remainders are nonspecific products marked by red arrows. (c) The inner PCR for 3'RACE was performed by two forward primers that bind to the two specific sites of the variants. HOTAIRM1 variants are marked in green; those marked in red are nonspecific products. (d) The relative expression of five different variants was normalized to GAPDH after 24, 48 and 72 h of 1 μM ATRA treatment in NB4 cells. (e and f) The expression of three HOTAIRM1 variants and PML-RARA in 19 pairs of patients with t (15;17) APL before or after therapy. Relative expression was analyzed by the 2-△CT method normalized to GAPDH. Experiments were performed in triplicate, and the error bars represent S.D. for all panels. CR, patients in complete remission. (g) Correlation of HOTAIRM1 variants and PML-RARA expression in 19 pairs of APL patients. Experiments were performed in triplicate, and the correlation was analyzed by Pearson's r-test a The miRNAs interacting with HOTAIRM1 (n410904) were predicted by DIANA lncBase and BiBiServ2 RNA hybrid online software. The first two miRNAs, miR-20a and miR-106b, were the top two miTG scores in DIANA software. The third, miR-125b, was predicted by BiBiServ2; the mfe of miR-125b was greater than that of the two miRNAs acquired by DIANA on autophagy-lysosomal biogenesis, LC3B-II, GABARAP-II and p62 expression levels were detected by western blotting (Figures 3c-e and Supplementary Figure S3B ). The protein levels of both LC3B-II and GABARAP-II (mRNA of which was not regulated by HOTAIRM1, Supplementary Figure S3C ) were obviously repressed in NB4-Lv-shHOTAIRM1 cells with ATRA treatment (Figures 3c, d and Supplementary Figure S3D ), and then the GABARAP-II also significantly changed when co-treated with ATRA and bafilomycin A1 (an autophagy pathway inhibitor) ( Figure 3d , lanes 5 and 6), although LC3B-II was slight (Figure 3c ). To further validate the function of HOTAIRM1 regulating autophagic flux in cells, we subsequently employed the exogenous LC3B (Supplementary Figure S3E ) by the lentivirus system and performed the tandem mRFP-GFP-LC3 florescence analysis. 41 As shown in Figure 4a and Figure 4b , mRFP-LC3B dots per cell significantly decreased in ATRA-induced NB4 cells transfected with siRNAs targeting HOTAIRM1 than that in the negative controls, while, co-treatment with ATRA and bafilomycin A1, the accumulated yellow dots (due to the increased pH by bafilomycin A1 in autolysosomes) significantly reduced after HOTAIRM1 knockdown. Moreover, the protein level of GFP tagged LC3B-II levels was apparently inhibited in mRFP-GFP-LC3 NB4 cells transfected with siRNAs under ATRA or bafilomycin A1 treatment (Figure 4c ). These results together suggested that HOTAIRM1 could involve in the process of autophagosome formation.
Furthermore, two autophagy pathway inhibitors (chloroquine and bafilomycin A1) and one autophagy inducer (rapamycin) were employed to test PML-RARA expression in NB4-Lv-NC and NB4-Lv-shHOTAIRM1 cells with or without The ultrastructure of NB4-Lv-NC and NB4-Lv-shHOTAIRM1 cells was observed by transmission electron microscopy after 1 μM ATRA treatment for 48 h. The number of autophagosomes observed by transmission electron microscopy was calculated (right, n = 10 cells). Scale bar, 2 μm. (b) Laser scanning confocal microscopy after staining with an LC3B antibody. NB4-lv-NC and NB4-Lv-shHOTAIRM1 cells treated with 1 μM ATRA for 48 h. The number of LC3B puncta per cell was calculated by Image-Pro Plus (right, n = 100 cells) (***Po0.001). Scale bar, 10 μm. A representative image from three independent experiments is shown. (c-e) Western blot analysis of LC3B, GABARAP and p62 in NB4-Lv-NC and NB4-Lv-shHOTAIRM1 cells treated with ATRA and Bafilomycin A1. The LC3B-II/GAPDH, p62/GAPDH and GABARAP-II/GAPDH densitometric ratio were recorded by quantity one ATRA treatment. The results showed that PML-RARA was decreased in NB4-Lv-shHOTAIRM1 cells following dual treatment with ATRA and rapamycin; however, PML-RARA was increased following co-treatment with chloroquine or bafilomycin A1 (Figures 4d and e ). Together, these results support the hypothesis that the downregulation of HOTAIRM1 is associated with attenuation in autophagy and retardation in the degradation of PML-RARA in NB4 cells. HOTAIRM1, a natural sponge, regulates the expression of autophagy-associated genes by competing with miRNA-binding sites. The data suggested that HOTAIRM1 enhances PML-RARA degradation by regulating autophago-some formation, and bioinformatic analyses have suggested that HOTAIRM1 may function as a ceRNA. To validate that HOTAIRM1 functions as a ceRNA in autophagy pathway, we first performed an RNA-protein pull-down assay and showed that AGO2 (a component of miRNA-silencing complex) was detected in the protein complex binding with HOTAIRM1 ( Figure 5a ). We also performed an RNA immunoprecipitation assay to uncover the RNA that bound to AGO2, and the results showed that HOTAIRM1 was considerably enriched within the precipitate (Figure 5b and Supplementary Figure S4A ), indicating that HOTAIRM1 indeed binds to AGO2.
To validate whether HOTAIRM1 directly targets the three miRNAs, we performed a dual luciferase reporter assay by inserting 59-nt sequences (the fragment of HOTAIRM1 that binds to the mature miR-20a/106b and miR-125b sequences) and mutated sequences of the miRNA seed regions into psiCHECK-2 vectors (Supplementary Figure S4B ). As shown in Figure 5c , the activity of HOTAIRM1 was significantly reduced compared with the mutated HOTAIRM1 when miR-20a, miR-106b and miR-125b were transiently transfected into HEK-293 T cells.
Previous studies have shown that ULK1, E2F1 and DRAM2 are important targets of miR-20a, miR-106b and miR-125b, respectively, and are indispensable genes for the autophagy process. 15, 38, 39, [42] [43] [44] Thus, we performed a dual luciferase reporter assay by co-transfecting HEK-293 T cells with HOTAIRM1-siRNAs, (Supplementary Figure S2D) , and a psiCHECK-2 vector with 59-nt 3'-untranslated regions) sequences of DRAM2, ULK1 or E2F1 inserted (Supplementary Figure S4C) ; the cells expressed endogenous HOTAIRM1 and the three miRNAs (Figure 5d and Supplementary Figure S4D ). Western blot analyses and the immunofluorescence experiment showed that the knockdown of HOTAIRM1 inhibited the translated levels of the miRNA targeting genes (Figure 5e and Supplementary Figure S4E ). The mRNA levels of DRAM1, LC3B and ULK1, which were regulated by E2F1 directly, 43 were also reduced following the knockdown of HOTAIRM1 in the NB4 cell line (Figures 5f-h) . A ChIP assay was further performed and the results showed that the binding of E2F1 on LC3B promoter was indeed reduced in ATRA-induced NB4-Lv-shHOTAIRM1 cells (Supplementary Figure S4F ). The promoter activity assay also showed that the luciferase activity of LC3B promoter was reduced notably when knockdown of HOTAIRM1 in HEK-293 T cells (Supplementary Figure S4G) , all together suggesting that HOTAIRM1 could regulate the autophagy genes and their downstream signaling pathway through an miRNA fine tune mechanism.
Finally, we investigated whether HOTAIRM1 promotes PML-RARA degradation via these miRNAs. We detected the levels of miRNAs in NB4-Lv-NC and NB4-Lv-shHOTAIRM1 cells after treatment with ATRA by quantitative real-time PCR (qRT-PCR); the levels of the miRNAs were increased in the NB4-Lv-shHOTAIRM1 cells (Figure 5i ), which were responsible for the increase of PML-RARA protein levels after the transient overexpression of miR-20a and miR-106b mimics and miR-125b in NB4 cells (Figure 5j and ref. 39 ). Thus, it can be concluded that HOTAIRM1 regulates PML-RARA degradation through an miRNA-mediated pathway that inhibits autophagy-related genes.
The inhibition of HOTAIRM1 blocks PML-RARA autophagic degradation and promyelocyte differentiation in vivo. HOTAIRM1 has been shown to be responsible for PML-RARA proteolysis and may be involved in the treatment of APL. For the purpose of furthering our understanding of the function of HOTAIRM1 in APL pathogenesis, we established a human APL-ascites SCID mouse model to reveal the function of lncRNA in disease therapy. As shown in Figure 6a , we obtained the APL-ascites SCID mice 20 days after injecting 1 × 10 6 NB4, NB4-Lv-NC or NB4-Lv-shHOTAIRM1 cells. Then, we withdrew the ascetic fluid and cultured the leukemic cells in RPMI 1640 medium with 1 μM ATRA for 48 h (named NB4-M, NC-M and shRNA-M). Next, we performed western blotting, FACS analysis and Wright-Giemsa stains. As shown in Figure 6b , LC3B-II, a molecular marker of autophagosome formation, was strongly reduced in shRNA-M cells compared with NC-M cells, and this effect is more apparent following ATRA treatment. Consistent with the attenuation of autophagy, we observed a simultaneous accumulation of PML-RARA in shRNA-M cells (Figure 6c ). Furthermore, we tested the level of CD11b expression by FACS analysis to monitor cell differentiation (Figure 6d ), and we also performed Wright-Giemsa staining to observe the nuclear types (Figure 6e ). These data demonstrated that HOTAIRM1 is involved in the auto-lysosome pathway during ATRA-induced APL eradication. Collectively, we established a complex network including lncRNAs, miRNAs, auto-lysosome formation and PML-RARA degradation (Figure 7) .
Discussion
Recently, studies have shown that lncRNAs function in major biological processes, including embryonic stem (ES) cell pluripotency, chromatin remodeling and cancer progression and development. 3, 6, [45] [46] [47] Although a number of lncRNAs have been identified, only a very few have been experimentally validated and functionally annotated in human hematopoiesis. 48 HOTAIRM1 has been reported to be involved in myeloid differentiation and associated with the prognosis and classification of myeloid leukemia; however, the underlying mechanism has not been determined. In this study, we first showed that the expression pattern of HOTAIRM1, variants with differing expression levels in NB4 cells, is closely related to the expression of the PML-RARA in Figure 7 The regulatory network of HOTAIRM1 involved in the autophagy pathway and the degradation of PML-RARA APL patients. Importantly, we demonstrated that HOTAIRM1 regulated the degradation of PML-RARA by binding to endogenous miRNAs that repress the autophagy pathway. This is the first time that an lncRNA can have an important role in ATRA-induced APL differentiation, suggesting that lncRNAs may be a potential leukemia therapeutic target.
The evolutionary study of lncRNA repertoires has revealed that lncRNAs do not exhibit a high interspecies conservation as protein-coding genes. 49 Furthermore, RNA secondary and tertiary structures may be preserved throughout evolution and may serve as functional units, which may explain the lack of sequence conservation among many lncRNAs. 50, 51 A previous study has shown that the complex transcriptional activity of HOTAIRM1 among species breaks homology at the DNA sequence level. 24 In this study, we found various additional transcriptional patterns of HOTAIRM1 with many variant forms within a single species. Although HOTAIRM1 was less conserved, we found a surprisingly high level of conservation within the miRNA-binding regions of HOTAIRM1 variants within human cells. This conservation of other lncRNAs has also been observed in other studies. 19, 8, 52, 20 Furthermore, the minimum free energy (mfe) of RNA-RNA hybridizations calculated based on secondary structures by RNAhybrid analysis 37 showed that HOTAIRM1 and miR-20a/106b or miR125b had effective and convincible interactions. This variant analysis indicated that the biologically functional domain was determined by the common region, the last exons or the 3'-end of HOTAIRM1. The functions of the three variants in regulating PML-RARA degradation through autophagy strongly support this conserved cellular function of HOTAIRM1.
The PML-RARA oncoprotein is of crucial importance both pathologically and therapeutically in APL. [53] [54] [55] PML-RARA can bind to the promoter regions of target genes and also have a rather diverse repertoire of binding sites. 56 Recently published data have provided evidence that 14q32 hypermethylation is implicated in the pathogenesis of APL and leads to the overexpression of miRNAs clustered on chromosome 14q32. 57 Furthermore, a group of miRNAs that targets primarily cancer proteins is repressed directly by PML-RARA. 58 In this study, we showed that HOTAIRM1 regulated PML-RARA degradation through the autophagy pathway. This is the first report that an lncRNA is involved in ATRA-induced PML-RARA degradation, and this finding provides a new potential therapeutic target for APL.
Recent studies have found that several lncRNAs derived from different transcriptional elements of the genome participate in the regulation of the auto-lysosome pathway. Of note, APF, an antisense lncRNA derived from the Pdpr gene coding region, regulates autophagic cell death in cardiomyocytes through ATG7. 20 Moreover, FLJ11812, a 3'-untranslated region-associated lncRNA, could promote autophagy exposed to a novel autophagy inhibitor, 3-benzyl-5-((2nitrophenoxy) methyl)-dihydrofuran-2(3 h)-one (3BDO). 19 In contrast with a previous report, our study showed that HOTAIRM1 is an autophagy-related lncRNA derived from intergenic regions in the genome, implying that autophagyassociated lncRNAs could be derived from 3'-untranslated region and antisense of genes and also long intergenic noncoding RNAs. However, lncRNAs from other regions, introns or promoter-associated lncRNAs remain to be discovered. Therefore, further exploration to discover additional autophagy-related lncRNAs in the genome is required. Furthermore, previous data have shown that ceRNA transcripts, which derived from protein-coding or noncoding RNA transcripts, are able to cross-regulate other transcripts that share common response elements of miRNAs. 52 Although a set of lncRNAs have been reported to be ceRNAs, none were reported to have a role in oncoprotein degradation through autophagic pathways. This study is the first to show that HOTAIRM1, a natural sponge for three miRNAs that targets three protein-coding genes, cross-regulated ULK1 and E2F1 by an miRNA-mediated silencing pathway and controlled the level of autophagy.
It has been demonstrated that in mouse ES cells, the knockdown of lncRNAs induces specific early differentiation, suggesting that lncRNAs are normally a barrier to this differentiation. 6 However in the specific terminal differentiation lineages, very few lncRNAs have been implicated in this complex process. Interestingly, the two ceRNAs H19 and linc-MD1 show conservation of function during muscle differentiation, repressing differentiation and correlating with the anticipation of the differentiation program, respectively. 9, 8 It was controversial whether or not the functions of lncRNAs in two different stages of specific differentiation lineages were consistent. In this study, the knockdown of HOTAIRM1 caused retardation of myeloid cell differentiation, which was consistent with the function of linc-MD1 but different from the role of lncRNAs in specific early differentiation lineages. The functions of lncRNAs in different differentiation stages are largely unclear. Moreover, a previous study showed that several lncRNAs were implicated in genetic disorders and cancers that were caused by a blockade in differentiation. 46, 59, 60 Autophagy has an important role in the processes of myeloid cell differentiation and PML-RARA degradation in APL. 16, 32, 31 Our study is the first to show that HOTAIRM1, an lncRNA involved in the autophagic program, accelerated granulocytic differentiation during therapeutic treatment of APL, revealing a novel pathway through which lncRNAs can affect differentiation.
In summary, we provide a new regulatory network involving HOTAIRM1 and miRNAs mediated autophage pathways in the degradation of oncoprotein. HOTAIRM1 functions as a ceRNA to mediate significant autophagy-associated genes through an miRNA pathway. More importantly, we revealed that the up-regulated expression of HOTAIRM1 could enhance ATRA-induced PML-RARA degradation by affecting autophagic flux and could control myeloid cell differentiation in APL cells. Conclusively, our work indicates that HOTAIRM1 is an lncRNA that may be a novel potential therapeutic target for leukemia.
Materials and Methods
Patients and samples. A total of 79 bone marrow samples, including 54 APL samples at diagnosis and 25 APL samples after therapy, from the First and Second Affiliated Hospital of Sun Yat-sen University were enrolled in this study. Patient characteristics are shown in Table 2 . Informed consent to perform the biological studies was obtained from parents and guardians. This study was approved by the ethics committee of the affiliated hospitals of Sun Yat-sen University. 
5'RACE and 3'RACE.
Total RNA from NB4 cells was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's guidelines. Then, the 5'-and 3'-ends of cDNA were acquired using a 5'-Full RACE Kit with TAP (Takara, Dalian, Liaoning, China) and a 3'-Full RACE Core Set with PrimeScript RTase (Takara), respectively, in accordance with the manufacturer's instructions. PCR products were obtained and then cloned into pEASY-T3 (TransGen Biotech, Beijing, China) for further sequencing.
DIANA TOOLS and BiBiServ2 analysis. The online lncRNA databases DIANA 35, 36 and BiBiServ2 (ref. 37 ) were used to predict the relationships between lncRNAs and miRNAs. Transcripts of HOTAIRM1 termed n410904 from the NONCODE database (http://www.noncode.org/index.php) were used to search the predicted targets in the LncBase of DIANA (http://diana.imis.athena-innovation.gr/ DianaTools/index.php?r = lncBase/index) under a threshold set to 0.85, and the results were further validated in RNAhybrid of the BiBiServ2 database(http:// bibiserv.techfak.uni-bielefeld.de/), which has been established based on classical RNA secondary structure prediction algorithms.
RNA isolation and quantitative real-time PCR. Real-time PCR was performed to quantify mRNA expression using SYBR Premix Ex Taq (TliRNaseH Plus) (Takara) according to the manufacturer's instructions. The qRT-PCR was performed to detect mature miRNAs and HOTAIRM1 expression. Briefly, RNA was reverse-transcribed to cDNA using a PrimeScript RT reagent kit with gDNA Eraser (Perfect Real Time) (Takara) and amplified with specific miRNA RT and PCR amplification primers. U6 and GAPDH served as internal controls. For PML-RARA, primers were designed as previously reported. 61 PML breakpoints were rapidly assigned by qRT-PCR using a common PML-RARA reverse primer in conjunction with PML intron 3 (bcr3) breakpoint-specific forward primers. The oligonucleotide sequences are shown in Supplementary Table S1 .
Luciferase constructs. A human LC3B promoter fragment, demonstrated in previous work, was amplified from NB4 genomic DNA, verified by sequencing and cloned into pGL3-basic (Promega, Madison, WI, USA) to generate the construct. The 3'-UTR segment comprising 59 bp of the HOTAIRM1, E2F1, DRMA2 or ULK1 3'-UTR was synthesized and inserted into the psiCHECK2 control vector (Promega) for the miRNA functional analysis. The core sequence of HOTAIRM1 wild-type targeting miR-125b and miR-20a/106b was 5′-UGGAGUUGGGGGUUUCUGU AGGCACUUUA-3′. The targets point mutated vectors were mutated at five points of the 8 bp sequences complementary to the seed sections of miRNAs. The mutated core sequence of HOTAIRM1 targeting miR-125b and miR-20a/106b were 5′-GUUUGAGUUCCC-3′ and 5′-UUUCUGUAGCGUGAUUA-3′ respectively (bold bases were mutated). All the wild types and point mutations were confirmed by DNA sequencing. The lentivirus carrying mRFP-GFP-LC3 was purchased from Hanbio Co. Ltd (Hanbio, Shanghai, China).
Transient transfection. For the luciferase reporter assay, HEK-293 T cells were seeded in 96-well sterile plastic culture plates at a density of 1 × 10 4 cells per well with complete growth medium. The cells were transfected using Lipofectamine 3000 (Invitrogen) according to the manufacturer's protocol. The following were purchased from Guangzhou RiboBio Co., Ltd (Guangzhou, Guangdong, China): miR-20amimics, miR-106b mimics and miR-125b mimics and control miRNA. Small interfering RNAs (siRNAs) against human HOTAIRM1 transcripts and the negative control RNA duplex (RiboBio) were purchased from Guangzhou RiboBio Co., Ltd. The nucleotide sequence for HOTAIRM1-siRNA1 and HOTAIRM1-siRNA2 were 5′-AGAAACUCCGUGUUACUCAUU-3′ (ref. 24 ) and 5′-GCCAGAAACCAGCCA UAGU-3′ (designed by RiboBio) respectively. The siRNA1 sequences targeting HOTAIRM1 were designed and expressed as shRNAs: sh-HOTAIRM1. Two siRNAs against human E2F1 were designed according to published data. 43 Cells were transfected using the Neon Transfection System (Invitrogen) with 100 pmol of oligonucleotides in 10 μl reactions according to the manufacturer's guidelines.
Dual luciferase activity assay. In the 3'-UTR assay, transient transfections were performed in HEK-293 T cells with 100 nM miR-20a, miR-106b or miR-125b mimics, or siRNA, or negative control vector; 0.1 μg of psiCHECK2 control or psiCHECK2-HOTAIRM1, psiCHECK2-ULK1, psiCHECK2-E2F1, or psiCHECK2-DRAM2; or psiCHECK-point mutated vector. For promoter analysis, 293 T cells at 80% confluence were transfected with pGL3-Pro-LC3B (500 ng) and the internal control Renilla luciferase plasmid pRL-TK (10 ng, Promega) using Lipofectamine 3 000 (Invitrogen). To examine the effects of HOTAIRM1 on LC3B promoter activity, various combinations of pcDNA3.1 vectors expressing HOTAIRM1 variants (50 ng) or siRNAs targeting HOTAIRM1 (and E2F1) were co-transfected. Firefly and Renilla luciferase activities were measured consecutively 24 h following transfection using the Dual-Luciferase Reporter Assay (Promega) according to the manufacturer's instructions.
Chromatin immunoprecipitation (ChIP). ChIP was performed using the ChIP assay kit (Millipore, Billerica, MA, USA) according to the manufacturer's instructions. DNA/protein crosslinking was achieved by incubating the cells for 20 min at 37°C in 1% formaldehyde. After sonication, chromatin was immunoprecipitated overnight with 6 μg of anti-E2F1 antibody (Santa Cruz, Dallas, TX, USA) or 2 μg of normal IgG (Millipore). Genomic regions of LC3B and ULK1 containing the E2F1-binding sites were amplified by qRT-PCR using the primers as shown in Supplementary Table S1 .
Western blot. Protein extracts were boiled in RIPA buffer (Beyotime, Shanghai, China) and separated in a SDS-polyacrylamide electrophoresis gel. The proteins were then transferred to a polyvinylidene fluoride membrane (Millipore) and probed with anti-RARA (Santa Cruz), anti-AGO2 (Abnova, Taipei, Taiwan), anti-p62 (Santa Cruz), anti-GABARAP (Proteintech, Chicago, IL, USA), anti-GFP (TransGen Biotech), anti-ULK1 (Novus Biologicals, Littleton, CO, USA), anti-LC3B (Novus Biologicals), anti-DRAM2 (Sigma-Aldrich), anti-E2F1 (Millipore) and anti-GAPDH (Sigma-Aldrich) antibodies.
Animal models. NB4 cells were transfected with Lv-shHOTAIRM1 (lentiviral vector expressing HOTAIRM1 shRNA) or Lv-NC (lentiviral vector expressing the negative control) according to the recommended protocol (GeneChem, Shanghai, China). The transfected cells (NB4-Lv-shRNA and NB4-Lv-NC) were sorted by FCM (MoFlo XDP instrument, Beckman Coulter, Brea, CA, USA) and GFP-positive cells were used for in vivo experiments. Five-week-old NOD-SCID mice were maintained under specific pathogen-free conditions in the Laboratory Animal Center of Sun Yatsen University, and all experiments were performed according to our Institutional Animal Guidelines. The human APL-ascites SCID mouse model was used as previously described, with modifications. 62 The tumor xenografts were established by a single intra peritoneal transplantation of 1 × 10 6 NB4 cells in 0.2 ml of RPMI-1640 medium into NOD-SCID mice.
